The ordering configurations of a fluid of anisotropic ellipsoids under the confinement of two apposing impenetrable walls are studied by Monte Carlo simulations. The excess adsorption of the fluid on the walls with respect to the aspect ratio has a maximum at the critical aspect ratio of 2.9 in high-density ellipsoid fluids, indicating an orientational ordering in the adjacent region of the walls, which is confirmed by probing into the density configurations and the orientational order parameter in the adjacent region of the walls for varying aspect ratios. In addition, the orientational order parameter in the bulk fluid at the same density is calculated, and it indicates an isotropic state as the bulk density is still below the bulk isotropic-to-nematic transition. Therefore, it can be concluded that the anisotropic ordering near the walls in the ellipsoid fluid that exhibits isotropic in the bulk is induced by the confinement effect of the walls.
I. INTRODUCTION
Hard-sphere (HS) fluid [1] [2] [3] [4] [5] [6] [7] is an ideal theoretical model that can be used to describe the fluid phase of matter, and it is also the simplest one that predicts a phase transition between a fluid phase and a solid phase. The HS model has been studied extensively for more than four decades, and thus deep understanding the various aspects of the model has been well established. Among these, one of the most important aspects is about the impact of the hard-wall confinement on the properties of the HS fluid. For example, Götzelmann et al. statistically computed the direct correlation function and the surface tension of uniform hard-sphere mixtures within the frame of the weighted density functional theory [8] . Later on, Roth et al. [9] studied the structures of polydisperse hard-sphere systems by using modified fundamental measure theory (FMT) originally proposed by Rosenfeld [10] , and predicted the existence of the oscillatory size segregation. On the other hand, Lin et al. experimentally investigated the hindered diffusion of an isolated Brownian particle system confined within two flat walls and implied that ignoring the pressure and velocity fields led to underestimation of the influence of the walls on the dragging force [11] .
Since 1960s an increasing interest has been focused on the study of isotropically interacting hard-body systems, which has led to a lot of achievements such as ap-plications of the scaling particle theory [12] and a vast knowledge of correlation function [13] , whereas these studies are still based on single direct assumptions. In many real systems the effects caused by the anisotropic shape of particles cannot be ignored [14] [15] [16] [17] [18] [19] . As a matter of fact, many anisotropic systems, such as rods [20] , spherocylinders [21] , and plates [22] have been proposed and examined in great detail. For example, Pfleiderer et al. [23] performed a numerical study on the stretchedfcc phase of hard ellipsoids of revolution and identified the SM2 phase for the range of aspect ratio 3.0−6.0. Recently, Cohen et al. [24] identified the structure of a simple dense fluid of ellipsoids using the direct confocal imaging technique that was dictated by the interplay between rotations and translations caused by the anisotropic shape. Cleaver et al. [25] simulated thin lyotropic liquid crystal films for which the anchoring strength and orientation were varied. Teixeira et al. [26] carried out a simulation study of the effects of nanoconfinement on a system of hard Gaussian overlap particles. These studies lead to the conclusion [27] [28] [29] [30] [31] [32] that various particle shape and confinement have remarkable effects on the configurations of fluid.
To date, however, systems composed of monodisperse ellipsoids confined between two parallel hard walls have not been fully studied, and hence deserve further investigations [33] [34] [35] . Specifically, when the system is strongly confined in at least one direction, such as confined between two closely apposing walls or in a narrow cylindrical pore [36, 37] , the confining perturbations may have significant effects on the structures of the anisotropic systems. Furthermore, hard ellipsoid as a typical anisotropic geometry can represent solid shapes from a hard disk to a needle by simply changing the aspect ratio, and thus the fluid of ellipsoids serves as an ideal model systems of anisotropic rigid particles. In order to deeply understand the effects of the rigid confinements on the various properties of an anisotropic ellipsoid system, we focus on the fluid of ellipsoids confined in one of the most representative confinements, i.e. two apposing flat walls that are readily accessed in experiments.
In this work, we systematically study the fluid of 3D hard prolate ellipsoids with various densities and aspect ratios confined between two impenetrable walls with varying distances using Monte Carlo simulations.
II. THEORY AND MODEL
We consider a model fluid consisting of N identical hard ellipsoids confined between two parallel impenetrable walls with the normal direction along the z axis located at the positions of z=0 and z=L z , respectively. Reflective boundary condition is utilized at the z direction for the surfaces of the walls, while periodic boundary conditions are imposed on the x and y directions that have lengths of L x and L y , respectively. Accordingly, the bulk density is determined as
The geometry of the ellipsoid is specified by the lengths of three principal semi axes a, b, and c, where b is set to be equal to c and a is chosen as the longest semi axis in our simulations, and thereby the aspect ratio of the ellipsoid is simply characterized by a/b. Three unit vectors l, m, and n along the principal axes are implemented to describe the orientation of an ellipsoid, and hence the vector r indicating the position of an arbitrary point on the surface of the ellipsoid satisfies
For a fluid system consisting of anisotropic particles, there are two interchangeable types of entropy in the simulation system [38] , i.e. the translational entropy E t which denotes how many states the structure possesses, and the rotational entropy E r which is related to the number of distinct states that the particles can be arranged in the same structure. The free energy F in low-density systems is dominated by the translational entropy E t (F →E t ), and thus in order to minimize F , the translational entropy E t should be maximized. In other words, the value of E t is much larger than that of E r in a low density system, and therefore a change in E r can rarely influence E t . In a marked contrast, a change in E r can drastically affect E t in a high density system, in order to maximize E t the anisotropic particles are aligned along a predominant direction facilitating the transformation of E r into E t . Moreover, the conversion of E r into E t results in the loss of itself, which is proceeded via one of the following two possible mechanism: (i) L p is realized by the formation of an ordered nematic phase with the long axis of ellipsoids aligning parallel to the walls, the depletion potential of the walls induces more ellipsoids to be aligned parallelly to the walls [39] , (ii) L v is proceeded by the formation of another ordered nematic phase with the long axis of ellipsoids aligning vertical to the walls [40] . The depletion potential of ellipsoids that results in the alignment of more ellipsoids to be vertical to the walls. So for the sake of maximizing E t we need to compare L p with L v to determine which mechanism is dominant.
If L p is more dominant than L v , the long axes of ellipsoids prefer to be ordered parallelly to the wall, indicating a stronger directing effect from the depletion potential of the walls. Otherwise the long axes of ellipsoids prefer to be aligned normal to the walls, indicating a stronger directing effect from the depletion potential of the ellipsoids. If L p and L v are comparable in magnitude, the alignments of the ellipsoids can be either parallel or vertical to the walls.
In this anisotropic system, one interesting quantity is the reduced excess adsorption [41, 42] , which is defined as
where the absolute value of Γ represents the adsorption capability of the walls to the ellipsoids, z is the centerof-mass of the ellipsoid, ρ * (z) is the local reduced number density, and ρ * b is the reduced number density in the bulk. The reduced number density is defined as the number density multiplied by the volume V * of the cube that circumscribes an ellipsoid, i.e. ρ * =ρV * . V * is set to be the unit of volume in the simulations to guarantee that the unit of length in every simulation is adjusted with the aspect ratio to conserve V * . The local orientation order parameter S, defined as the average of the largest eigenvalue of the Q tensor [43] is
which is another critical quantity in the anisotropic system that quantifies the orientational order. Here u i α (α = x, y, z) is the Cartesian component of the longest axial unit vector of ellipsoid i. The value of the order parameter is close to zero for an isotropic phase, or close to 1 for a nematic phase in a finite system [35] .
The N V T Monte Carlo simulation is performed to obtain the equilibrium properties [44] . Hard-core interactions are implemented between ellipsoids as well as between ellipsoids and the walls, i.e. the interaction is zero when there is no any overlap between ellipsoids, or between the ellipsoids and the walls, otherwise the interaction is set to be infinite.
In the simulations, different sampling algorithms introduce errors to different degrees. In molecular dynamics simulations, a basic task is to estimate whether the results can be validated or not [45, 46] . Instead, in Monte carlo simulations [47] , an importance−sampling algorithm introduced by Metropolis et al. is often adopted, in which every accessible point in configurational space is considered to be reached in a finite number of Monte Carlo steps from any given point. Moreover, many efficient Monte Carlo simulations have not been proven to be ergodic [44] . In order to lower the systematic errors in the biased sampling algorithms, we carry out the simulations with a large number of ellipsoidal particles, N =1000. All results are obtained for prolate ellipsoids with aspect ratios a/b of 1.0−3.5. Each simulation consists of a succession of trial moves where the average acceptance of translational/orientational moves is about 25%−30%. Each trial move of a chosen ellipsoid consists of a small random translational displacement and a small angle of random rotation. If the trial move results in any overlap between the moved ellipsoid with others, it is rejected, and otherwise, it is accepted. It takes 10 6 MC steps per particle for equilibration and 2×10
6 MC steps for data collection. Figure 1 shows the local density profiles of the ellipsoids with respect to the distance z to the wall at z=0 for four different aspect ratios a/b=1.5, 2.4, 2.7, and 3.0, and a fixed bulk density of ρ b =0.3. There are two obvious features in the four density profiles. The first one is that the density vanishes when approaching z=b, which is dictated by the excluded-volume effect of the hard ellipsoid. The other is that there is a remarkable peak between z=b and z=a in each density profile, but the peak width and height are sensitive to the aspect ratio, i.e. that the peak is widened while the peak height is lowered as the aspect ratio increases. The presence of the peak indicates the layering arrangement of particles induced by the adsorption of the walls, and the variation tendency is dictated by the orientational configurations of the ellipsoids from parallel to normal to the walls that weakening the layering effect. Accordingly, the magnitude of oscillation is also reduced by increasing the anisotropy of ellipsoids. For this low density system of ρ b =0.3, the bulk state is an isotropic fluid. Limited local densities when z is close to b for all four aspect ratios suggest that few ellipsoids are aligned with their long axes parallel to the walls.
III. RESULTS AND DISCUSSION
Based on these density distributions, the surface excess adsorption is calculated for various aspect ratios and plotted in Fig.2 . We find that the reduced excess adsorption Γ increases (or its magnitude decreases) with the aspect ratio in Fig.2 , and we ascribe this to the orientational ordering effect of the two walls to the ellipsoids. Specifically, when the aspect ratio a/b=1.0, which leads to the isotropic hard sphere system, our result is similar to that reported by Roth et al. [34] . In general, the reduced surface excess adsorption is rather weak at the considered range of aspect ratios in Fig.2 , which simply indicates that the effect of the wall con- finement is weak in the anisotropic fluid of ellipsoids at the low density. The weak excess adsorption is attributed to the factor that the translational entropy E t is expected to be more dominant over the rotational entropy E r at ρ b =0.3 [48] , and thereby the ellipsoids prefer to be more uniformly distributed in the entire available space. The excess adsorption curves with respect to the aspect ratio of ellipsoids for two higher bulk density of ρ b =0.4 and ρ b =0.6 are present in Fig.3 . For ρ b =0.4, similar to that of ρ b =0.3, the excess adsorption monotonically increases as the aspect ratio is increased. Surprisingly, when the bulk density is increased to ρ b =0.6, the excess adsorption does exhibit a monotonic behavior as the aspect ratio varies from that at two lower bulk densities of ρ b =0.3 and ρ b =0.4. Indeed, it increases at the range of small aspect ratios until it reaches a maximum point at a/b≈2.9, and then it abruptly drops off. At the aspect ratio of a/b=3.0, the magnitude of the excess adsorption Γ has dropped down to Γ≈−0.076.
In order to understand this underlying mechanism in the non-monotonic variation behavior of the excess adsorption with respect to the aspect ratio, we probe into the internal configurations of the fluid at the high bulk density of ρ b =0.6 for various aspect ratios, i.e. the inhomogeneous density profiles induced by the perturbation of the walls. Figure 4 shows four typical density distributions obtained for distinct aspect ratios located around the maximal point of the excess adsorption, a/b=2.7, 2.8, 2.9, and 3.0. Generally, each density distribution exhibits two notable peaks. One peak is located at the position very close to z=b, which is contributed by the ellipsoids aligned parallelly to the wall. The other peak is located at the position slightly further than z=a, and hence it is resulted in by the aggregation of the ellipsoids with the along axes normal to the wall. Importantly, when the aspect ratio increases from a/b=2.7 smaller than the critical value of 2.9 to be 3.0, the magnitudes of the two peaks change drastically. On the one side, the two peaks are maintained until they merges into a unique peak in the limit case of isotropic hard spheres as the aspect ratio is decreased. On the other side, the first peak is reduced indicating that less ellipsoids are aligned with the long axes parallel to the wall, whereas the second peak is strengthened indicating that more ellipsoids with the long axes normal to the wall are aggregated to the surface with a distance of around the length of the semi-major axis to the wall. In particular, for a/b=2.8, the first peak is only slightly weaker than the second one, while for a/b=2.9, the first peak has changed to be significantly weaker than the second one. For further increased a/b=3.0, the first peak has become very weak compared with the second peak. The varying tendency of the magnitudes of the two peaks when the aspect ratio is increased from a/b=2.7 going through the critical value of 2.9 to 3.0 leads to an obvious conclusion that the aggregation of ellipsoids near the wall is predominantly governed by the ellipsoids aligned with the long axes normal to the walls when the aspect ratio exceeds 2.9 in the highdensity ellipsoid fluid confined between two walls.
In order to understand the variation of the peaks further, we estimate the probability of the ellipsoids aligned in the angle interval P (θ<θ 0 ), where θ is the angle between the long axis of the ellipsoid and the z direction, i.e., θ=0 means that the long axis of the ellipsoid is along the z axis while θ=π/2 means that the ellipsoid is aligned in the plane of the wall. Here we choose θ 0 =π/5 as a specific value to represent the case of small angles, and the data are collected in the slit area with the distance to the wall from b to 1.4a. The probability of P (θ<θ 0 ), which measures the aligning degree of the ellipsoids with the long axes normal to the walls, is plotted in Fig.5 . We find that the probability increases slowly as the aspect ratio is till α=2.9, and then the probability increases rapidly. This indicates that more and more ellipsoids tend to be aligned perpendicularly to the wall when the aspect ratio exceeds 2.9, which results in the abrupt decrease (or increase in the magnitude) of the excess adsorption observed in Fig.3 .
At a dense density ρ b =0.6, the rotational entropy E r is not negligible [34] , and can be transformed into E t . Thus, the directed ordering of the ellipsoids near the walls is dictated by the delicate balance between L p and L v . For aspect ratios smaller than 2.9, Fig.4 implies that the competition between L p and L v is too fierce and L p is comparable to L p , and thereby the ellipsoids are aligned either parallelly or vertically to the walls. However, for aspect ratios larger than 2.9, there exists a single dominant peak because L v is much larger than L p , indicating that the vertical configurations are dominant. In fact, Fig.4 also suggests that the depletion potential between the ellipsoids is more pronounced that the depletion potential between the ellipsoids and the walls, and as a result the ellipsoids prefer to stand on the walls.
Inspired by the variation of the ordering configurations near two walls sensitive to the aspect ratio, we examine the order parameter S of the hard ellipsoids within the wall confinement for two aspect ratios a/b=2.8 and 3.0, which are smaller and larger than the critical value of 2.9, respectively. The results of orientational order parameters with respect to the bulk density in Fig.6 reveal that the variation of orientational order parameters are also sensitive to the aspect ratio near the critical value of a/b=2.9. For a/b=2.8 smaller than the critical value, the orientational order parameter maintains roughly a constant low value of 0.1 indicating a near isotropic state. However, for a/b=3.0 larger than the critical value, S increases almost linearly as the bulk density increasing. For example, for ρ b =0.7, S is increased to be 0.55, which indicates an isotropic-nematic transition near the walls. This observation supports the results further in Fig.4 . For instance, for a/b=2.8 at ρ b =0.7, the low orientational order suggests the the ellipsoids do not have a preferred alignment between parallel and vertical to the walls, indicating that L v and L p are comparable. Whereas, when the aspect ratio becomes a/b=3.0, the ellipsoids are directed to be ordered by the walls, and accordingly, L v becomes more dominant than L p .
In order to distinguish the spontaneous ordering in the bulk anisotropic system from the induced ordering by the wall confinement, we compare their orientational order parameters of varying bulk densities for a specific aspect ratio of a/b=3.0. In Fig.7 , we can see that S in the bulk systems only slightly increases as the bulk density increases and sustains a small value indicating that the bulk system of the ellipsoids with a/b=3.0 is truly isotropic. Furthermore, it has been known that the transition from isotropic to nematic in the bulk system occurs above the bulk density of ρ b =0.7 [49] [50] [51] [52] [53] . Therefore we are able to conclude that the anisotropic ordering behavior in the confined system arises from the confinement effect of the walls.
IV. CONCLUSION
We study the structure of a hard ellipsoid fluid confined between two hard walls by using the N V T Monte Carlo simulation. Our results suggest that the reduced surface excess adsorption is a sensitive parameter to identify the transition between an isotropic state and a nematic phase. Specifically, for the high bulk density ρ b =0.6, but below the bulk transition density from isotropic to nematic, the reduced excess adsorption surprisingly exhibits a non-monotonic change as the aspect ratio varies, i.e. that it increases (or decreases in magnitude) at small aspect ratios until reaches a maximum at a critical aspect ratio of a/b=2.9, and then decreases abruptly. This finding is confirmed by the analysis of different relevant quantities, the density configurations and the orientational order parameter for various aspect ratios. Based on these consistent results we conclude that when the aspect ratio a/b≥2.9 the confinement effect of the walls induces an ellipsoid fluid to be ordered with the the long axes of ellipsoids aligned normally to the walls, while the walls have minor directing effect on the ordering of the ellipsoids when a/b<2.9. This will place an useful, tight theoretical constraint on the investigation of an isotropic-nematic phase transition in the future.
FIG. 7
Orientational order parameter S of the ellipsoids confined between two walls or in the bulk with respect to the bulk density for a fixed aspect ratio of a/b=3.0.
